Despite the safety and feasibility of mesenchymal stem cell (MSC) therapy, an optimal cell type has not yet emerged in terms of electromechanical integration in infarcted myocardium. We found that poor to moderate survival benefits of MSC-implanted rats were caused by incomplete electromechanical integration induced by tissue heterogeneity between myocytes and engrafted MSCs in the infarcted myocardium. Here, we report the development of cardiogenic cells from rat MSCs activated by phorbol myristate acetate, a PKC activator, that exhibited high expressions of cardiac-specific markers and Ca 2+ homeostasis-related proteins and showed adrenergic receptor signaling by norepinephrine. Histological analysis showed high connexin 43 coupling, few inflammatory cells, and low fibrotic markers in myocardium implanted with these phorbol myristate acetate-activated MSCs. Infarct hearts implanted with these cells exhibited restoration of conduction velocity through decreased tissue heterogeneity and improved myocardial contractility. These findings have major implications for the development of better cell types for electromechanical integration of cell-based treatment for infarcted myocardium.
Despite the safety and feasibility of mesenchymal stem cell (MSC) therapy, an optimal cell type has not yet emerged in terms of electromechanical integration in infarcted myocardium. We found that poor to moderate survival benefits of MSC-implanted rats were caused by incomplete electromechanical integration induced by tissue heterogeneity between myocytes and engrafted MSCs in the infarcted myocardium. Here, we report the development of cardiogenic cells from rat MSCs activated by phorbol myristate acetate, a PKC activator, that exhibited high expressions of cardiac-specific markers and Ca 2+ homeostasis-related proteins and showed adrenergic receptor signaling by norepinephrine. Histological analysis showed high connexin 43 coupling, few inflammatory cells, and low fibrotic markers in myocardium implanted with these phorbol myristate acetate-activated MSCs. Infarct hearts implanted with these cells exhibited restoration of conduction velocity through decreased tissue heterogeneity and improved myocardial contractility. These findings have major implications for the development of better cell types for electromechanical integration of cell-based treatment for infarcted myocardium.
cell therapy | optical mapping | differentiation | heart infarction | arrhythmia A lthough various cell types have been considered for stem cell therapy to treat ischemic hearts (1) (2) (3) (4) , questions regarding the prevention of postinfarct arrhythmias and survival benefits remain unresolved (5) . Previously, we published studies focused on enhancing the survival of mesenchymal stem cells (MSCs) transplanted in the harsh pathologic conditions of an infarcted myocardium (6) (7) (8) . However, we found that such MSC transplantation does not provide a proportional survival benefit compatible with significant improvement in cardiac contractile function. One possible explanation for this discrepancy is that the focal application of MSCs that have not differentiated into electrically functional cardiomyocytes creates fixed heterogeneity among host tissues in the engrafted region, possibly predisposing the heart to ventricular arrhythmia.
Because ventricular arrhythmia is a common and lethal complication after myocardial infarction (MI) as well as recurrent MIs or cardiac rupture (9, 10) , the development of cell types that are able to overcome the arrhythmic and electrophysiological consequences after transplantation is essential. In fact, the incomplete electromechanical integration leading to the equivalent incidence of arrhythmias with nonengrafted infarcted animals has been reported with many cell types, including skeletal myoblasts, ES cells, and MSCs (11) . It seems that the focal application of MSCs could create fixed heterogeneity that disturbs the myocardial contractility and conduction velocity (CV) (9) .
Although cardiomyocytes seem to be the most obvious resource for complete electromechanical integration, the procurement of a sufficient amount of cells is not yet achievable. In addition, differentiation of naive MSCs into cardiomyocytes has been observed only in vivo at extremely low rates, and their aptitude for electromechanical coupling is controversial (12) . A cell type capable of electromechanically synchronizing with the surrounding myocardium and maintaining long-term electromechanical stability needs to be developed for use in clinical settings for infarcted hearts.
In our search for small molecules that induce the stem cell fate to specific lineages, we screened 189 chemicals (135 inhibitors and 54 activators of protein kinases) and found several compounds that induced differentiation of rat MSCs to myocytes. One of these, phorbol myristate acetate (PMA), a PKC activator, up-regulates cardiogenic properties from MSCs. This chemically activated cardiogenic MSC (ccMSC) prevents sudden death after engraftment into infarcted rats by electromechanically synchronizing with the host myocardium.
Results

MSC Therapy Is Insufficient for Prevention of Sudden Death in
Infarcted Animals. MSCs were isolated from mixed culture with hematopoietic cells based on their attachment to the culture plate and further purified by exclusion with magnetic beads targeting the hematopoietic marker CD34. Yield was 3 × 10 6 cells (95% purity) after 2 wk of culture. Consistent with a previous report, the cultured MSCs expressed CD71, CD90, CD105, CD106, and ICAM-1, but not the hematopoietic and macrophage markers, CD34 and CD14, respectively (7, 8) .
In our previous attempts to increase the beneficial effects of MSC transplantation (6-8), we found that MSC implants were suboptimal for improving survival, although treatment did reduce the incidence of sudden death in a rat model (31.6% in 19 MSCinjected vs. 55.6% in 27 sham-injected rats; P = 0.14; Fig. 1A ). To investigate the poor performance of the MSC implants, we evaluated the recovery of histophysiology in MSC-engrafted myocar- dium quantitatively. Although histological analysis showed that infarct size, fibrosis, and the number of apoptotic cells induced by ischemia were significantly decreased in the MSC-engrafted region compared with those in the sham-injected region ( Fig. 1 B-D) , these recoveries did not reach the level of the noninfarcted region and more than 50% of damages still remained in the region implanted with MSCs. In fact, remaining fibrosis may lead to continued electrical disturbances (5) . We also observed that the MSC-injected group had fewer inflammatory cell infiltrates in the border region than did the sham controls (Fig. 1E ). In addition, cardiac dimensions and systolic performances as measured by left ventricular catheterization were better in MSC-injected rats (SI Appendix, Figs. S1 and S2). Despite histological and functional improvements 7 and 11 d after transplantation, respectively, most of the engrafted MSCs did not express cardiac troponin T (cTnT), suggesting that they were not yet differentiated into cardiomyocytes, whereby they might induce reentrant arrhythmia by acting as a current sink.
Alleviation of Electrical Vulnerability by MSCs Is Poor to Moderate.
We further evaluated the effect of MSCs on the electrical stability of the infarcted heart through optical mapping using Langendorff perfusion and an electrical vulnerability test in normal, sham-injected, and MSC-engrafted hearts 11 d after injury and treatment.
In MSC-engrafted hearts, action potentials displayed inhomogeneous and slow propagation into the infarct zone (Fig.  1F ). Local CV from the activation time points of the action potentials was still depressed in the MSC-engrafted region compared with that of the noninfarcted region (Fig. 1G) . In an , and ccMSC-engrafted rats (n = 12) 11 d after transplantation. All rats that died during the procedure or immediately after cell implantation were excluded from the study (SI Appendix, SI Methods). All data are expressed as means ± SEM (*P < 0.05, **P < 0.01).
electrical vulnerability test using the burst pacing protocol, ventricular tachycardia (VT) or ventricular fibrillation (VF) were induced in 69.2% of sham-operated rats (n = 13) and in 44.4% of the MSC-engrafted group (n = 9; P = 0.38; Fig. 1H ), suggesting only moderate prevention of inducible reentrant ventricular arrhythmia by MSC transplantation. The MSC-engrafted site acts as an electroanatomical substrate for reentrant arrhythmia evoked by electrical stimulation (Fig. 1I) . Therefore, modification of MSCs to cell types that are able to electromechanically synchronize with the surrounding myocardium before transplantation might be a better strategy for reducing tissue heterogeneity and to lower the incidence of VT.
PMA-Activated MSCs Exhibit Cardiogenic Properties. In a previous study, we showed that small chemical molecules, including protein kinase inhibitors, recognizably change stem cell fate (13) .
After screening 189 such small chemicals, we found that PMA, a PKC activator, specifically induced the expression of cardiogenic markers as revealed by sandwich ELISA (Fig. 2A) . Immunocytochemical staining showed increased fluorescence of cardiac-specific markers such as cTnT, myosin light chain, and myosin heavy chain, but levels of the MSC-specific marker CD90 were lower after 9 d in the ccMSCs produced by PMA (Fig. 2B ), which were consistent with the results of sandwich ELISA that the expression levels were significantly increased with timedependent manner (SI Appendix, Fig. S3 ). In addition, we observed that the expression of the cardiac-specific transcription factor NkX2.5 was also significantly up-regulated in ccMSCs on sandwich ELISA (SI Appendix, Fig. S3 ). Interestingly, the fluorescence of connexin 43 (Cx43), a gap junction, was markedly increased in the ccMSCs (Fig. 2B) . We observed that the cardiac phenotypes were similarly up-regulated in the ccMSCs (Fig. 2C) , indicating that PMA endows MSCs with more homogeneous cardiogenic properties. In addition, the expressions of adrenergic and muscarinic receptors, which play critical roles in modulating cardiac functions such as heart rate and myocardial contractility (14-16), were significantly up-regulated in the ccMSCs compared with naive MSCs, except for α 1D , which is consistent with other results (17) (SI Appendix, Fig. S4 A and C). We further observed that phosphorylated ERK1/2 levels were significantly increased by norepinephrine (NE) in a time-dependent manner in both the ccMSCs and cardiomyocytes, but not in control MSCs that were blocked by prazosin, an α-adrenoreceptor blocker ( Fig. 2 D and E) , indicating that the ccMSCs are functionally active cells like cardiomyocytes. The expressions of sarcoplasmic reticulum Ca 2+ ATPase and L-type Ca 2+ channel, which are closely related to excitation-contraction coupling operated by Ca 2+ influx in cardiomyocytes (18) , were also significantly increased in the ccMSCs, but not in control MSCs, in a time-dependent manner (Fig. 2F) . Collectively, these findings suggest that the ccMSCs are involved in the differentiating stage into cardiomyocytes or mature cardiomyocytes. This observation suggests that the activation by PMA triggers a cascade of transcriptional activation that regulates the differentiation of MSCs into cardiomyocytes.
ccMSC Engraftment Enhances Electrical Stability. We investigated the expression pattern of Cx43 in MSC-or ccMSC-engrafted regions because the incidence of VT is critically protected by the expression of Cx43 (19) . We observed that Cx43 was expressed in a punctate fashion predominantly throughout the plasma membrane in the MSC-engrafted region, whereas Cx43 was detected mainly as plaques in the ccMSC-engrafted region, which indicated that the engrafted ccMSCs were well coupled with host cardiomyocytes through Cx43 (Fig. 3A) . We further examined the electrical stability of cells in the ccMSC-engrafted hearts. On optical mapping, wave propagation during programmed electrical stimulation from the noninfarct site of the left ventricle base was markedly improved in the ccMSC-engrafted hearts. CV maps revealed marked restoration of CV in the ccMSC-engrafted region with recovery of local CV (0.71 ± 0.12 mm/ms; n = 6), in contrast to partial restoration of CV in the MSC-engrafted region (0.38 ± 0.08 mm/ms; n = 7; Fig. 3B ). The direction of the CV vector was homogeneous in the ccMSC-engrafted site compared with the MSC-engrafted site (Fig. 3C) . In an electrical vulnerability test using a burst pacing protocol, VT induction was profoundly suppressed in the ccMSC-engrafted group [13% (n = 8) and 69.2% (n = 13) for ccMSC-and sham-injected groups, respectively].
ccMSC Engraftment Improves Cardiac Remodeling. As the restoration of CV and related arrhythmia protection results from additional paracrine effects of the ccMSCs on the surrounding tissue, we examined fibrosis, apoptosis, and inflammation in the engrafted region. Histological analysis showed that infarct size and interstitial fibrosis were markedly decreased in the ccMSCinjected rats compared with those in MSC-injected rats (Fig. 3 D  and E) . In addition, the number of apoptotic cells induced by ischemia in the transplanted region was significantly lower in the ccMSC-injected animals than in MSC-injected animals (Fig. 3F) . The levels of immunostained collagen I and fibronectin decreased, whereas α-smooth muscle actin increased in the ccMSCinjected region compared with the MSC-injected region (Fig.  3G) . We also observed that the ccMSC-engrafted region had fewer inflammatory cell infiltrates than did the MSC region (Fig.  3H) . Moreover, we observed that the levels of proinflammatory cytokines such as IFN-γ, IL-1a, IL-1b, IL-6, and TNF-α that are increased by MI were significantly lower in the ccMSC-injected region than in the MSC-injected region (SI Appendix, Fig. S5 and Table S1 ). These results indicate that paracrine effects of the ccMSCs in injured myocardium could contribute to the elimination of tissue heterogeneity and, consequently, lead to CV restoration.
ccMSC Engraftment Prevents Sudden Deaths in Infarcted Rats. Surface six-lead ECG showed a shorter QRS duration in the ccMSCengrafted rats compared with sham-injected and MSC-engrafted rats ( Fig. 3I and SI Appendix, Table S2 ), indicating more homogeneous ventricular activation of the ccMSC-engrafted myocardium. In baseline surface ECG, premature ventricular contractions (PVCs) did not occur in the ccMSC-engrafted rats (0%; n = 12). To assess the electrical stability of the ccMSCs to catecholaminergic stimulation, we investigated the incidence of PVCs during systemic administration of isoproterenol. Catecholaminergic stimulation did not increase the occurrence of PVCs in the ccMSCengrafted rats (SI Appendix, Fig. S6 ). The functional effects of the ccMSCs on infarcted hearts were evaluated by catheterization 21 d after injury and transplantation compared with those of MSCengrafted hearts. Pressure-volume loop analyses showed less left ventricular dilation in the ccMSC-engrafted group compared with the MSC-engrafted group (Fig. 3J) . The ccMSC transplantation resulted in a better catheterization-determined ejection fraction and a steeper slope of the end-systolic pressure-volume relationship, suggesting cardiac regeneration through the ccMSC engraftment ( Fig. 3J and SI Appendix, Fig. S2 ). Ultimately, sudden deaths were markedly reduced in the ccMSC-transplanted rats in this study (Fig. 3K) .
Discussion
MSCs offer several potential advantages over other types of stem cells for cardiac repair, but they still face several challenges that need to be addressed in preclinical studies, such as delivery, survival after transplantation, and electromechanical integration and safety (5) . Although preconditioning of MSCs, including genetic modification, has increased their therapeutic potency (6) (7) (8) 20) , the most obvious concern for clinical applications is how engrafted MSCs electromechanically integrate with host tissue (12) .
In this report, we show that MSC-engrafted regions can function as electroanatomical substrates for the initiation of reentrant arrhythmia. However, remaining fibrosis in the MSCengrafted region may lead to continued electrical disturbances, which is supported by reports that dense fibrosis presents a for-midable physical barrier to cell regeneration (5) and acts as an electrical barrier that disturbs direct wave propagation, facilitating reentry (21, 22) . Moreover, excessive inflammation in the MSC-engrafted region might also cause inhomogenous conduction and delayed repolarization (23, 24) as well as preventing the recruitment and survival of progenitor cells (25) . Inexcitable properties of undifferentiated MSCs contribute to decreases in CV, increasing the susceptibility to ventricular arrhythmia and leading to sudden death. In fact, the results that action potentials displayed inhomogeneous and slow propagation into the infarct zone in MSC-engrafted hearts indicate that the conditions required to elicit stable reentrant circuit movement were not eliminated (26) . The depressed local CV in the MSC-engrafted region may be attributable to the inexcitable nature of MSCs and their ability to act as a current sink (9, 12) .
To create a cell type that is able to synchronize with surrounding cardiomyocytes electromechanically, we treated MSCs with PMA. This approach was inspired by the results from our previous study that small molecules, including protein kinase inhibitors, can change the fates of stem cells in recognizable ways (13) . We found that PMA can induce the expression of cardiogenic markers. We showed that the transplantation of a unique cell type from MSCs exhibiting cardiogenic properties into the infarcted heart could help avoid problems caused by heterogeneity between the implanted cells and the myocardium, leading to further improvements in contractile function and electrical safety. Moreover, our result that Cx43 expression was markedly increased in the ccMSCs is supported by the result that Cx43-expressing cells prevent postinfarct arrhythmia (19) . It is also reported that NE influences the contractile properties of the heart and induces a series of changes characteristic of the hypertrophic phenotype through α-adrenergic receptors in cardiomyocytes (14) .
Nevertheless, it has to be further evaluated whether the implantation of ccMSCs may have additional beneficial effects that prevent other modes of sudden death, such as pump failure or asystole, because recent data showed that sudden death after acute MI in human patients may be a result of multiple different causes (10), even though arrhythmic death as a result of VT/VF is a possible cause of sudden death.
Ultimately, the application of this cell type may facilitate the prevention of sudden death caused by naive MSC transplantation, providing new strategies for enhancing electromechanical integration in cell-based therapy for MI. In addition, MSCs can be modified by PMA into cardiomyocytes that may better integrate with the electromechanisms of host tissue after engraftment, representing a promising therapeutic strategy for the clinical preparation of MSCs for transplantation to the infarcted myocardium.
We recognize that the differentiation of MSCs to cardiomyocytes involves elaborate orchestration of multiple signaling pathways and feedback circuits, and that PMA may, in vivo, modulate activities of molecules other than PKC. We present our results here because of their potential importance toward the development of clinically valuable cell types for cell therapy of MI. We plan to pursue more detailed studies on the molecular mechanisms of PMA and other chemicals that induce conversion of MSCs to ccMSCs. Further detailed information on reagents and antibodies, cell culture, induction of MI and cell transplantation, histological analysis, optical mapping, catheterization, immunofluorescence, and other methods is given in SI Appendix, SI Methods.
